This work describes a method to study glass transition on native starch powders, based on dynamical mechanical thermal analysis using compression tests, and was applied to wheat flour (13.5% water content). This method will allow the determination of Tg in native (unprocessed) starchy materials, with minimal disturbance of the natural structures. The influence of the test conditions (heating rate, frequency and strain) on the glass transition measurements was determined using factorial designs. The values of Tg determined as the maxima of the energy dissipation (peaks in E؆) of native flour and of freezedried pre-gelatinized flour were not statistically different (around 64 ЊC). The heating rate did not affect the measurements in the range tested (0.25 to 1 ЊC min Ϫ1 ). An interactive effect of the strain amplitude and the frequency was detected. The significance of this interaction can be caused by differences in mechanical energy dissipation, which would indicate that not only temperature but also the total energy input may affect this transition. Slight effects of phase separation between gluten and starch were found on native flour.
Introduction
Low moisture, amorphous or semi-crystalline biomaterials, such as flours, behave as meta-stable systems, where molecular mobility plays a major role on the kinetics of (desirable or undesirable) chemical and biochemical reactions. The state of the matrix components and its structure is therefore a key factor in the definition of the mechanical properties, stability or reactivity of a given system. Changes in molecular mobility and viscosity that take place relatively close to the state transition known as glass transition affect the physical stability and processability of the amorphous fractions of foods and the rate of chemical reactions (del Pilar-Buera et al., 1995) . The glass transition of biopolymers is, thus, a key parameter for defining the mechanical and storage properties of foods .
The glass transition of biological and food materials is a dynamic process influenced by temperature, time and composition of the matrix, whereby an amorphous matrix changes from a glassy mechanical solid (capable of supporting its own weight against flow due to the force of gravity), where molecular mobility is restricted to vibration, to a soft rubbery state, where re-crystallization, microbial growth, enzymatic activity and general degradation reactions may occur (Slade & Levine, 1991) . The transition from a glassy to a rubbery state and the accompanying loss of stiffness, hardness, or strength are traditionally described by a relationship between the magnitudes of these parameters and temperature, moisture content, or water activity (Peleg, 1994) . A material in glassy state is generally regarded as stable, while rubbery state is necessary for processability.
The glass transition, as a second order transition (a change of state but not of phase - Roos, 1995) , takes place over a range of temperatures, being the midpoint of the range determined by differential scanning calorimetry (DSC) conventionally taken as the single reference point, named Tg. However, whether Tg should be the midpoint, the onset or the endset of glass transition is a matter of discussion (Oliveira et al., 1999) . The importance of the glass transition temperature range as a reference parameter for an increasing number of applications in food science and engineering involving stability and reaction kinetics in amorphous matrixes is very clear (Roos, 1995) . The measurement of Tg for any given substance is crucial for the application of these concepts in product and process design and optimization. Available methods rely on the changes of the macroscopic material properties (such as heat capacity, thermal expansion coefficient, viscosity, elasticity, etc) associated to the changes of molecular mobility around the glass transition (Roos, 1995) .
In dynamic mechanical thermal analysis (DMTA) three major changes are detected when the viscoelastic properties of the materials are analyzed against temperature: a significant drop in the storage modulus (E), which is constant in the glassy state; a peak in the loss modulus (E؆), related to the resonance frequency of the molecular motions (Allen, 1993) ; and a peak in the viscoelasticity ratio (tan ␦), which is also frequency-dependent. These changes have been correlated with, respectively, the onset, midpoint and endset of the transition as detected by DSC (MacInnes, 1993; Roos, 1995) . Moreover, DMTA is a frequency-response analysis, that is, the parameters measured will show a frequency dependence which is a mirror image of the time-dependence of the state transition. While raising problems on how to compare Tg measurements between DMTA and DSC, this offers new possibilities to investigate glass transition.
Wheat flour is one of the most used food raw materials world-wide, presenting a very complex structure partially crystalline, partially amorphous, comprising a number of components that can undergo a glass transition process. Most of the relevant components have been thoroughly studied individually, as isolated substances (wheat starch - Biliaderis et al., 1986; Zeleznak & Hoseney, 1987; amylopectin -Kalichevsky et al., 1992; Kalichevsky & Blanshard, 1993; gluten -Hoseney et al., 1986; glutenin -Kalichevsky et al., 1992; gliadin -Graaf et al., 1993) or as binary mixtures of the pure substances (amylose and gluten - . Although this approach enables a more precise insight into the behaviour of each component, the effect of the complexity of the whole structure on glass transition cannot be accurately inferred from model systems (e.g. the granular structure of flour, with crystalline and amorphous regions, the interactions between components that cannot be reproduced on artificial mixtures, the intra-granular structure). It is also noted that in most methods used to determine Tg in flours (DSC for example), either the sample preparation process can be disrupting in terms of the native structure and component distribution, which can potentially affect the measured value or, at low moisture contents, the transitions are not clearly defined and the methods do not have a very good accuracy. The objective of this work was the development of a glass transition measurement method that could be applied to native flours, based on DMTA. A study of the influence of the test parameters on the Tg values determined and of the influence of the native structure (e.g. crystallinity) on the glass transition was also required to understand and validate the method.
Materials and methods

Principles of DMTA
The Rheometrics Solids Analyser RSAII (Rheometrics, Inc, Piscataway, NJ, USA) machine was used to compress the sample between two plates. The lower plate was moved by the actuator at a specified frequency for a specified length, thus causing an oscillatory strain input. The top plate moved to adjust a force sensor, thus measuring the resulting sinusoidal stress.
After some time the output stress frequency is the same as the input strain frequency, but the wave is deviated by the so-called phase angle, rotating between 0 Њ for an elastic solid to 90 Њ for a pure viscous liquid. From this phase angle and the ratio of the amplitudes of the input and output sinusoids, the relationship between stress and strain is fully quantified by the following relationships:
Input strain wave: ⑀ ϭ ⑀ 0 sin(t) Output stress wave: ϭ 0 sin(t ϩ ␦) Complex elastic modulus: E* ϭ 0 /⑀ 0 ϭ E ϩ iE؆ Storage modulus:
E ϭ E* cos ␦ Loss modulus:
E؆ ϭ E* sin ␦ This is a typical frequency-response analysis, widely used in process dynamic studies of chemical engineering (Luyben, 1990 ). E quantifies the energy that is stored by the material during the compression movement of the plates and is released back during expansion and is known as storage modulus. E؆ quantifies the energy that is dissipated, that is, is supplied during compression but lost as thermal energy or used in molecular rearrangements and is known as loss modulus.
These relationships apply only if the material exhibits linear viscoelasticity, which implies that E, E؆ and tan ␦ must be independent of the strain amplitude. This usually requires that measurements can only be made at sufficiently low strain amplitudes. According to the frequency-response theory, E* is also the value of the transfer function of the relationship between stress and strain in the Laplace domain, obtained by replacing the Laplace variable by i.
In DMTA, measurements can be continuously taken while the temperature is changed inside the measuring chamber.
Native flour (NF) samples
Commercial wheat flour was used (Farinha Extreme 75, MOANOR, Porto, Portugal). The flour was equilibrated at 50% relative humidity at 25 ЊC for 2 weeks prior to measurement, corresponding to a final moisture content of 13.5g of water/100g of flour (determined gravimetrically by oven drying, norm ISO 1666 1973, method II).
Pre-gelatinized flour (PGF) samples
The same commercial wheat flour (MOANOR, Porto, Portugal) was gelatinized by preparing an aqueous solution of 10g of flour / 100g of water and heating at 80 ЊC for sufficient time to ensure full gelatinization (this was verified by DSC -Shimadzu, Japan). The resulting gel was cooled to Ϫ28 ЊC (in an air freezer) and freeze-dried at 1 psi and 20 ЊC (ARMFIELD FT33, Armfield Limited, Hampshire, England). The resulting solid (moisture content 5 g of water/100g of solids) was then ground and equilibrated at 50% relative humidity at 25 ЊC for 2 weeks achieving a final moisture content of 14.2 g of water/100g of solids (determined gravimetrically by oven drying, norm ISO 1666 1973, method II).
Sample preparation
Cylindrical pellets ( ϭ 13 mm, h ϭ 18 mm) were obtained by pressing the powders at 2 bar for approximately 5 min in a pellet press (SPECAC, Porto, Portugal Model 15.011). The pellets were immediately wrapped in aluminium foil to protect from moisture exchange.
DMTA mechanical spectra measurement
Prior to the measurements, a full cycle at all frequencies and strain amplitudes, but at room temperature, was performed in each sample, to smooth out the effect of residual compressibility in the pellets. Samples were then tested using a linear temperature increase, in the compression mode, with cylindrical plate tools (plate diameter: 13 mm). The tests were conducted from ambient temperature up to 100 ЊC. Water loss during testing was determined by weighing the initial and final samples.
The values of temperature, storage modulus (E), loss modulus (E؆), viscoelastic ratio (tan ␦) and the variation of sample length (⌬L) were recorded during the tests by the equipment software (Rhios, version 4.44, Rheometrics, Inc, Piscataway, NJ, USA). It was not possible to repeat runs with the same sample due to significant degradation at high temperatures. Replicates were performed with different samples.
Moisture loss during testing
Without protective means, samples would dehydrate during measurement and therefore they were wrapped. Polyethylene film and aluminium foil were tested, comparing the weight loss during testing with the one observed with unwrapped pellets.
Different wrappings were also tested: (1) completely wrapped samples, being wrapped on the top, bottom and side; (2) partially wrapped samples, only on the side, leaving top and bottom in direct contact with the DMTA tool plates.
The samples were tested in the DMTA chamber with a temperature ramp default test, from ambient temperature to 90 ЊC, with a strain amplitude of 0.0013 and a frequency of 1Hz.
Heat transfer efficiency measurements
In situ measurements of the sample temperature were made by a thermocouple (Fe-CuNi (IronConstantan) wire,) placed as close to the centre of the sample as possible, with the thermocouple end being insulated with PTFE to prevent heat conduction through the wire. Another thermocouple was placed inside the DMTA chamber to monitor chamber temperature. Both thermocouples were connected to a temperature acquisition system. Tests were then performed at different heating rates (0.5 and 1 ЊC min Ϫ1 ). The frequency and strain amplitude were 1 Hz and 0.0013, respectively.
Measuring conditions
To assess the influence of the test parameters on the DMTA results, native flour samples were tested using different combinations of heating rate, frequency and strain amplitude according to a replicated full factorial design at two levels. Table 1 shows the values of the levels considered. The more significant effects were then detailed by means of a full factorial design at four levels, with three replicates, for the two input factors strain amplitude and frequency, as shown in Table 2 . The heating rate was then constant and set to 1 ЊC min
Ϫ1
. In order to assess the influence of the native structure of flour, pre-gelatinized samples were tested at five different frequencies (0.1, 0.2, 0.5, 0.8 and 1 Hz), with a strain amplitude of 0.0004 and at a heating rate of 1 ЊC min
.
Results and discussion
Moisture loss
The glass transition temperature is very sensitive to water content (Zeleznak & Hoseney, 1987) and though the starch was compressed in pellets that only had the sides exposed to the air in the chamber, the moisture loss during testing was too high to allow for accurate measurements, as shown in Fig. 1 . However, when wrapping the samples completely in aluminium foil, moisture loss was prevented. This would not be achieved if wrapping only the sides (partial wrapping) or if using polyethylene film instead of aluminium foil, as can be seen in Fig. 1 . It must be noted that aluminium foil does not go through significant changes in the range of temperatures in question (ambient to 90 ЊC) and as the measurements are based on variations of the values of E and E؆ (that is, relative changes rather than absolute values), this procedure is acceptable.
Thermal lag
Ideally, the thermal lag between chamber and sample temperature should be negligible or constant for all test conditions, as otherwise the heating rates established in the experimental design might be slightly different from the real ones, as the thermal lag would vary somewhat with the heating rate. Moreover, the temperature gradient in the sample itself (from surface to centre temperature) might be too high and affect the desired accuracy of the readings. Figure 2 shows the thermal lag in terms of the real pellet temperature versus the chamber temperature readings. It can be seen that with full aluminium foil wrapping, the thermal lag is approximately constant, around 2 ЊC, up to 70 ЊC for the maximum heating rate used -1 ЊC min
Ϫ1
. This is not the case of the unwrapped samples, which may be due also to the effect of the water evaporation.
Mechanical spectra
The mechanical spectra of the native flour (NF) samples showed a clear change of the viscoelastic properties according to the expected glass transition effects: a drop of E around 55 ЊC, a peak of E؆ around 65 ЊC and a peak of tan ␦ around 85 ЊC. The E؆ peak was sufficiently well defined to allow for accurate measurements of its maxima. This was done by fitting the data points around the peak to a parabola and take the maximum as the maximum of this parabola, to smooth out the effect of the experimental error.
Similar patterns were found for the pre-gelatinized samples (PGF). However, while for the pregelatinized flour pellets the magnitude of the drop in E was consistent with literature data on glass transition of starchy materials (around two orders of magnitude for completely amorphous materials at this water content -the magnitude of the drop increases with water content - , the drop in E for the native flour sample was much lower. This was expected, as in the native flour material there are many crystalline fractions of starch that are intact and the amount of molecules that undergo the phase transition is much smaller. However, the results show that the change is sufficient for the DMTA to detect them. Typical examples are shown in Figs 3 and 4.
Comparison of the results of native and pregelatinized flour
The native flour samples showed a small shoulder in both tan ␦ and E؆ around 45 ЊC, which may be an indication of some other thermal transition at that temperature, not visible in the pre-gelatinized samples (this can be seen in Fig. 3 and 4) . This thermal event was affected by the applied frequency and could therefore be related to the glass transition of a second component of the flour, indicating a phase separation. However, it is also possible that a small water loss could have lead to hardening and the slight increase of E around 40 ЊC, although the moisture loss of wrapped samples is below 0.5%. Wheat gluten has been considered a generally amorphous random polymer (Hoseney et al., 1986) and these shoulders may be indicating its glass transition. Although it is a small fraction of the flour (around 12%), as in the native samples most of the starch is in the crystalline form, it is a relatively significant component of the amorphous phases of the NF samples. Phase separation between gluten and starch has already been reported in literature and is obviously significant in native flours. After gelatinizaton, this effect is no longer visible, as the thermal transition of starch now dominates the response. Furthermore, the gelatinization process may promote some mixing between starch and gluten. However, it is noted that even after cooking, starch and gluten are mostly still phase-separated. As the samples were equilibrated to the same water activity, the pre-gelatinized flour had a slightly higher water content, due to the loss of crystallinity (14.2% w/w, compared to 13.5% w/w of the native flour pellets).
The results of the glass transition temperatures obtained are shown in Table 3 that the onset and midpoint of the glass transition for NF and PGF (taken as, respectively, the initial drop in E and the peak in E؆) are not statistically different at a 95% confidence level. The values of the NF samples are slightly higher, which would agree with the fact that crystallinity has been considered to shift glass transition temperatures, as shown by the results of Zeleznak & Hoseney, 1987 concerning measurements of gelatinized and ungelatinized wheat starch by DSC. In this case, the crystallinity is also translated by a slightly lower water content in NF then in PGF, which would justify a shift of 4-6 ЊC, as shown in Table 4 from literature data. The range of temperatures of the glass transition was high in both cases (between 15 and 30 ЊC), which is also in agreement with reported literature data for regions of low water content where the glass transition is broad and not very well defined (Zeleznak & Hoseney, 1987) .
The data obtained correlate well with those reported in literature for starch. The onset (drop in E) was equal to published glass transition temperatures of starch, while the midpoint (taken as Tg in our work) was more close to the published Tg of amylopectin (see Table 3 and 4). However, it is not possible to compare different starches, because the composition of starch (and particularly the ratio amylose/amylopectin and degree of branching) greatly affects Tg.
It is interesting to note that the endset of glass transition (taken as the peak in tan ␦) was significantly higher for the native flour samples. This may be due to the larger heterogeneity of the molecular arrangements in the native flour, or more likely to the difference in actual water content.
Effect of the test parameters on the glass transition measurements
As a frequency-response analysis, DMTA results are obviously influenced by the applied frequency, but it is necessary to analyze the influence of the two other major test parameters: the heating rate and the strain amplitude.
The influence of frequency can be related to the average molecular relaxation time. It can be proved that for a first-order mechanistic model, the peak of the loss modulus (maximum of the energy dissipation) corresponds to the resonance point between the applied frequency and the average molecular relaxation time (Allen, 1993) . This would imply that several measurements of the E؆ peak at different frequencies would relate to the variation of the molecular relaxation time in glass transition (Oliveira et al., 1999) .
The strain amplitude should not affect the results. It must be noted that the DMTA procedure requires that measurements are taken in the linear viscoelastic region, which must be ensured by a frequency sweep test in preliminary tests. The acceptable range of strain amplitudes is thus determined. However, the strain amplitude affects the amount of mechanical energy that is supplied to the sample and if this has a relevant effect compared to the major source of energy (heat), it could affect the results somewhat.
The heating rate would affect the results if the molecular rearrangements that are involved in the glass transition are not (relatively) instantaneous and a lag would occur between the measured temperature and the observed effects.
The first factorial design allowed for an analysis of the effects of these 3 parameters, for a reasonable range of values. Figure 5 shows the Pareto chart of the normalized effects of the factors and their interactions (a factor or interactions that have a significant effect on the response correspond to bars that cross the specified confidence level line). It can be seen that strain amplitude has no effect, indicating the linear viscoelastic behaviour, and that the heating rate range was insufficient to cause a significant variation also, at a 95% confidence level. However, a rather curious interactive effect of strain amplitude and frequency was detected and to analyse this effect in more detail, the second factorial design was performed. Figure 6 shows the response surface plot of the interactive effect of frequency and strain amplitude on the Tg measurements (E؆ peak). It can be seen that the interactive effect is due to a larger influence of the frequency on Tg for strain amplitudes above 0.001 and that only at the higher frequencies (above 0.8 Hz) the strain amplitude has a significant effect on the results. It can be concluded that the region of high frequency and high strain amplitude should be avoided. This result is consistent with the possibility of the mechanical energy input affecting the results slightly, at these conditions, supplementing the thermal energy input and thus facilitating glass transition. It is noted that the measuring conditions were still considered to be in the linear viscoelastic range.
Conclusions
DMTA measurements of compressed pellets of native flour give adequate indication of the Tg of the starch, with minimal disturbance of the natural structure. The glass transition midpoint of the main thermal event of NF and PGF was not statistically different, but the temperature range was slightly larger in the native flour samples. Slight effects of phase separation between gluten and starch were observed in the native materials. A slight influence of the strain amplitude at high frequencies was observed, that may be due to the influence of the mechanical energy input on the sample, meaning that not only temperature but probably total energy input could play a role in this transition.
